Good quality cryopreserved human hepatocytes are becoming an important source for clinical hepatocyte transplantation. However, the process of cryopreservation leads to both structural and functional impairment of hepatocytes. The aim of this study was to investigate the mechanisms of cryopreservation-induced nonattachment in human hepatocytes. Hepatocytes were cryopreserved after isolation from unused donor liver tissue. Cell attachment to collagen-coated plates was measured. A cDNA gene array system for 96 cell adhesion-related molecules was used to determine mRNA expression in fresh and cryopreserved hepatocytes. Two cell adhesion molecule proteins were investigated further: β1-integrin, a cell-matrix adhesion molecule, and E-cadherin, a cell-cell adhesion molecule. Attachment efficiency was significantly decreased after cryopreservation of human hepatocytes. Twenty-two genes were downregulated after cryopreservation including integrins, cadherins, catenins, and matrix metalloproteinases (MMPs). β1-Integrin gene and protein expression were significantly decreased in cultured cryopreserved hepatocytes compared to fresh hepatocytes. There was a significant correlation between loss of β1-integrin and attachment in cryopreserved cells. Degradation of E-cadherin was increased in cryopreserved hepatocytes. The process of cryopreservation leads to downregulation of cell adhesion molecules at the gene and the cellular level. New cryopreservation protocols are needed to prevent these effects on cell attachment. 639 640 TERRY ET AL.
INTRODUCTION
nisms involved in CINA may lead to cryopreservation protocols that can specifically maintain the attachment efficiency of fresh hepatocytes. Significantly higher sin-Human hepatocytes are being used in clinical cell transplantation for the treatment of liver disease. Cryo-gle and double DNA strand breaks were observed in cryopreserved rat hepatocytes compared to fresh hepato-preserved hepatocytes are an important resource for both clinical and experimental usage. It is well known that cytes (21). This damage could affect gene expression related to cell attachment molecules and thus be a possi-cryopreservation reduces hepatocyte viability and metabolic function with the cell attachment efficiency af-ble cause for CINA.
Integrins are heterodimers consisting of α and β sub-fected by cryopreservation to a greater extent than other cell metabolic functions (3, 4, 7, 10, 16, 23, 26) . This effect units, divided into subfamilies that share the β subunit (8, 9) . β1-Integrin is a cell substrate adhesion molecule. has been described as cryopreservation-induced nonattachment (CINA). The ability of hepatocytes to attach Integrins are expressed as constitutively active or inactive receptors for extracellular matrix (ECM) ligands after cryopreservation will be important for hepatocyte transplantation, so that when cells are infused into a pa-such as collagen or fibronectin. Integrins are expressed in a cell-type and stage-specific manner, with one group tient's liver, they will adhere to the sinusoidal endothelium and subsequently become engrafted.
of integrins associated with migration and proliferation in various types of cells. Many integrins bind the Arg-The attachment of hepatocytes requires reestablishment of cellular contacts, which are severed on their iso-Gly-Asp (RGD) tripeptide attachment sequence but recognize that sequence differentially, such that some bind lation from the liver tissue (1). The addition of a further damaging step (i.e., cryopreservation) to the process be-primarily to fibronectin and others to vitronectin (25) . E-cadherin, a 120-kDa transmembrane glycoprotein, fore culture understandably puts additional stress upon the cellular systems. Better understanding of the mecha-is an example of a cell-cell adhesion molecule, and is the most predominant cadherin in the liver epithelium. the total. Albumin production was determined using a Bethyl Human Albumin ELISA Quantification Kit The cytoplasmic domain is directly associated with αand β-catenin and through these proteins it is indirectly (BioGnosis, Hailsham, UK). Attachment efficiency was determined from the protein content (17) of attached associated with proteins that link with the transmembrane E-cadherin to the actin cytoskeleton (18) . The cells relative to that of the initial number of cells plated. The degree of cell attachment was also followed serially degradation of E-cadherin can have important consequences for the cells. The extracellular domain of E-and determined at 24, 48, 72, and 96h of culture for the corresponding fresh and cryopreserved hepatocytes. cadherin is proteolytically cleaved from some cancer cells promoting metastasis, by a membrane-bound met-Total RNA Preparation alloproteinase to yield the soluble form (11) .
In the present study, human hepatocytes were used to Total RNA samples were prepared from liver tissue before isolation of hepatocytes, freshly isolated hepato-investigate CINA using a cDNA gene array system, and the two cell adhesion molecules (β1-integrin and E-cytes, cryopreserved hepatocytes 30 min after thawing being left at room temperature, and after culture for 24 cadherin) were selected for preliminary investigation at the cellular level in fresh and cryopreserved hepatocytes.
h. RNA was prepared from 5 × 10 6 viable fresh or cryopreserved hepatocytes using the RNeasy Mini Kit pro-MATERIALS AND METHODS tocol for isolation of total RNA from animal cells (Qia-Hepatocyte Isolation gen, Crawley, West Sussex, UK). The RNA samples were stored at −80°C until analysis. RNA preparations Human liver tissue was obtained from donor tissue from three hepatocyte batches both fresh and after cryorejected or unused for orthotopic liver transplantation at preservation were pooled to give the final fresh and King's College Hospital. All tissue was consented for cryopreserved RNA samples for analysis. RNA purity research in accordance with the Research Ethics Comwas assessed by the absorbance ratio at 260 nm/280 nm mittee of King's College Hospital. Isolation of human (values 2.0 ± 0.1) and the presence of discrete bands hepatocytes was carried out using a collagenase (Type when run on an agarose gel. P, Roche Diagnostics Ltd, East Sussex, UK) perfusion method (29) with some modifications (19) .
Gene Array Hepatocyte Cryopreservation
A SuperArray cDNA GEArray TM Q Series Human Extracellular Matrix and Adhesion Molecules Gene Hepatocytes (3 × 10 6 viable cells/ml) were cryopre-Array (obtained from tebu-bio, Peterborough, Camserved in UW solution (Bristol-Myers Squibb Pharma bridgeshire, UK) for 96 adhesion-related genes was used Ltd, Hounslow, UK) containing 10% DMSO (v/v final to compare the gene expression of fresh and cryopreconcentration) immediately after isolation. Freezing was served human hepatocytes. Total RNA was reverse-trancarried out in a controlled rate freezer (Kryo 10, Series scribed to prepare 32 P-labeled cDNA using the Super-III, Planer Products Ltd, Middlesex, UK) using a step-array kit. Briefly, samples were prepared by adding 5 wise freezing protocol based on that of Diener et al. (5) µl RNA sample, 3 µl buffer A, and 2 µl dH 2 O. The with some modifications (30) . Frozen cells were stored probe mix was prepared by adding 8 µl 5× GEA labeling at −140°C for 2 weeks until thawing, by the method of buffer, 6 µl [α-32 P]dCTP (10 µCi/µl, Amersham Interna-Steinberg et al. (28) using Williams E medium containtional, Buckinghamshire, UK), 2 ml RNase inhibitor, 2 ing 10% FCS as the thawing medium.
µl reverse transcriptase (50 U/µl), and 2 µl RNase-free Cell Function and Attachment Assays H 2 O to a tube and mixed. The sample mix was heated to 70°C for 3 min and then cooled to 42°C (Teche PHC-Cell viability was determined using the trypan blue exclusion method. Hepatocytes were plated (30,000 via-3 Thermal Cycler, Princeton, NJ, USA). Then 10 µl probe mix (42°C) was added to each sample and incu-ble cells/well) in 96-well flat-bottomed collagen-coated plates (Biocoat TM , BD Bioscience, Oxford, UK). Culture bated for 25 min. The labeling reaction was stopped by adding 2µl of 10× Stop Solution and the 32 P-labeled media consisted of Williams E medium containing 10% fetal calf serum, penicillin (50 U/ml) and streptomycin cDNA was denatured by heating to 94°C for 5 min and then chilled quickly on ice. To each rehybridized array (50 µg/ml), and L-glutamine (2 mM) at 37°C in 95% O 2 /5% CO 2 . After 24 h of culture the assays were per-tube (one for fresh and one for cryopreserved sample) 750 µl hybridization solution and 100 µl sample mix formed. LDH leakage from the hepatocytes was measured using a CytoTox 96 Non-Radioactive Cytotoxic-was added. The array tubes were mixed at 60°C overnight. The arrays were washed twice with prewarmed ity Assay Kit (Promega, Southampton, UK). The LDH contents of supernatant and cell lysate samples were de-(60°C) 2× SSC + 1% SDS for 5 min each and then twice with prewarmed (60°C) 0.1× SSC + 0.5% SDS for 5 termined and LDH leakage calculated as a percentage of ATTACHMENT OF CRYOPRESERVED HEPATOCYTES 641 min each. The arrays were exposed on photographic film sex, UK). The concentration of soluble E-cadherin was calculated from a standard curve and expressed as ng/h/ at −140°C for varying times (2-48 h) to give appropriate exposure. mg cell protein. Arrays were analyzed using Scanlyze (www.micro β1-Integrin Protein Expression arrays.org/software.html). The array image was recorded and converted into TIFF-type image files of the nega-
The expression of β1-integrin by fresh and cryopreserved human hepatocytes was measured using a colori-tives of the original scans. A grid was laid over the image with each cell of the grid covering one spot of the metric β1-integrin-mediated cell adhesion kit (Chemicon International Inc., Hampshire, UK). Monoclonal anti-original array. The density information for each gene was then extracted from the array image. The back-bodies against human β1-integrin are immobilized on a microplate to capture cells expressing β1-integrin on the ground intensity was subtracted from the signal intensity, giving an expression value for each spot. Any re-cell surface and this is quantitated. The absorbance values of both control and test plates were measured at 540 sulting expression value less than 1500 was discounted. Normalization was carried out using the housekeeping nm using a Dynex MRX Microplate Reader. By subtracting the results of the control plate from the test genes provided on the arrays [glyceraldehyde-3-phosphate dehydrogenase (GAPDH), peptidylprolyl isomer-plate, the relative amount of β1-integrin expression could be determined. ase A (cyclophilin A), ribosomal protein L13a, and βactin].
Fresh and cryopreserved human hepatocytes were also stained for β1-integrin. Hepatocytes (1 × 10 5 ) were Northern Blotting pelleted by centrifugation at 1400 rpm for 5 min at 4°C and the supernatant discarded. The pellets were washed Samples of total RNA (10 µg) were loaded on to a 1.5% agarose, 6.66% formaldehyde gel in MOPS/EDTA with 200 µl PBS containing 5% FCS by centrifugation at 1400 rpm for 5 min at 4°C. This pellet was resus-buffer and run in the electrophoresis tank. The RNA on the gel was transferred to a Hybond N+ (Amersham In-pended in a small amount of the supernatant (ϳ100 µl).
One microliter of mouse anti-human CD29 (β1-inte-ternational) membrane. The membrane was washed and left to dry at room temperature. The RNA was then fixed grin)-RPE (Serotec Ltd, Oxford, UK) was added and left to incubate in the dark for 30 min on ice. For control to the membrane by UV cross-linking. The membrane was transferred to a small glass hybridization tube and staining, Mouse IgG1 Negative Control: RPE (Serotec Ltd) was used. Thirty microliters of VectaShield was prehybridized in 10 ml of hybridization buffer containing 100 µg denatured single-stranded DNA. The
Mounting Medium (Vector Laboratories Ltd, Peterborough, UK) was added to each tube and samples were probe for β1-integrin (458 bp) was generated using a Human Integrin-II Multigene-12 TM RT-PCR Profiling kept in the dark on ice until microscopy. Hepatocytes were then visualized using a fluorescence microscope Kit (SuperArray) according to the manufacturer's protocol and was then radioactively labeled with [ 32 P]dCTP (Leica Microsystems Ltd, Milton Keynes, UK) using the appropriate filter (RPE). (1.85 MBq). The denatured probe was added to the hybridization solution containing the membrane and left Statistical Analysis overnight at 42°C. The membrane was washed and left with photographic film for 24-h exposure at −80°C.
Results are presented as mean ± SD. Statistical analysis of data was performed by ANOVA with repeated Soluble E-Cadherin Release measurements and Pearson's Correlation Test. Soluble E-cadherin released into the 24-h culture su-RESULTS pernatant from fresh and cryopreserved human hepatocytes was measured using a colorimetric ELISA kit
The viability of hepatocytes was significantly decreased after cryopreservation (fresh = 74 ± 13%; cryo-(Zymed Laboratories, Inc, Cambridge, UK). Fresh and cryopreserved hepatocytes were plated as in the attach-preserved = 52 ± 10%, p < 0.001, n = 8). The leakage of LDH was similar after cryopreservation (fresh = 17.9 ± ment assays. After 24 h, plates were centrifuged to pellet unattached cells and supernatant samples were taken for 3.6%; cryopreserved = 20.7 ± 3.1%). Albumin secretion was significantly reduced by cryopreservation (fresh = soluble E-cadherin analysis. In other experiments, the attached and unattached cells (for both fresh and cryo-10.4 ± 1.1 µg/h mg protein; cryopreserved = 4.5 ± 1.7 µg/h mg protein, p < 0.001). The attachment efficiency preserved cells) were collected separately. After further culture, supernatant samples were then taken for soluble was significantly decreased after cryopreservation (fresh = 53 ± 15%; cryopreserved = 39 ± 14%, p = 0.03). Mea-E-cadherin analysis. The absorbance of each well was measured at 450 nm using a Dynex MRX Microplate surements of cell attachment at 24, 48, 72, and 96h after plating showed that with both fresh and cryopreserved Reader (Dynex Technologies Ltd, Worthing, West Sus-hepatocytes there was a decline in attachment with time in cryopreserved hepatocytes compared to fresh hepatocytes (Fig. 2) . This was reduced further after 24 h in (Fig. 1) . The extent of loss of attachment was greater and more rapid in cryopreserved hepatocytes compared culture. The mRNA expression was lower in the original liver tissue prior to isolation of hepatocytes. to fresh hepatocytes. The attachment of hepatocytes at 48 h (30 ± 5%, p = 0.03), 72 (24 ± 5%, p = 0.01), and
The β1-integrin protein-mediated cell adhesion was significantly lower in cryopreserved hepatocytes (0.085 ± 96 h (5 ± 1%, p = 0.002) postplating was significantly lower than at 24 h (40 ± 9%) postplating. 0.034 OD) compared to fresh hepatocytes (0.198 ± 0.022, p < 0.001). There was a significant correlation between Gene Microarray β1-integrin expression and the attachment efficiency of both fresh and cryopreserved hepatocytes (Fig. 3) . From the microarrays, 22 of the 96 genes tested were found to be downregulated after cryopreservation of hu-Staining of human hepatocytes with β1-integrin antibody showed that fresh human hepatocytes had a greater man hepatocytes relative to expression in fresh hepatocytes (Table 1) . There were no genes detected as signifi-and more uniform expression of β1-integrin than cryopreserved hepatocytes, particularly on the cell surface cantly upregulated. There was no significant difference in the expression of the four housekeeping genes in-( Fig. 4) . cluded on the array between fresh and cryopreserved he-Soluble E-Cadherin Release patocytes (84-114% of fresh expression). Gene expression was considered to be significantly different when
There was a significantly higher concentration of soluble E-cadherin released into the culture media from the reciprocal ratio was >2 to type I collagen was involved in induction and maintenance of liver-specific functions of collagen-sandwiched hepatocytes. Inclusion of additional culture media com-attached hepatocytes compared to fresh (4.1 ± 2.4 ng/h/ mg protein, p < 0.01) and cryopreserved (6.1 ± 3.7 ng/ ponents or different attachment substrates may be able to limit the loss of β1-integrin and therefore improve the h/mg protein, p < 0.01) attached hepatocytes ( Fig. 5 ). There was no correlation between the E-cadherin con-attachment of cryopreserved hepatocytes in culture.
In the Northern blotting experiments, the expression centration released and the attachment efficiency of either fresh or cryopreserved hepatocytes.
of β1-integrin in the original liver tissue gave the lowest relative hybridization signal compared to the cell sam-DISCUSSION ples. The higher level of expression in isolated cells may be a response to the effects of the isolation and cryopres-The attachment efficiency of cryopreserved human hepatocytes isolated from unused donor liver was found ervation processes. In addition, staining of hepatocytes for β1-integrin gave a visual indication of the loss of β1to be significantly reduced compared to the corresponding fresh cells. These results are consistent with the find-integrin from the cell surface with greater intracellular localization after cryopreservation. β1-Integrin staining ings of many authors including those of Zvibel et al. (31), who showed that human hepatocytes can have a was much more diffuse and patchy in cryopreserved hepatocytes than seen in fresh hepatocytes. The highly sig-high viability (78-99%) yet the attachment efficiency to collagen-coated plates is low (5-35%) . Cryopreserved nificant correlation between β1-integrin protein expression on hepatocytes and cell attachment gives strong hepatocytes initially attached but then detached after overnight culture, as found by others (15) . One likely evidence for a key role of β1-integrin in adherance to collagen containing matrices. This is consistent with the contribution to this loss of hepatocyte function is cell death by apoptosis, as has been reported after cryopres-recent in vitro results where anti-β1-integrin antibodies blocked the attachment of rat hepatocytes to collagen-ervation (6). A specific form of apoptosis, termed "an- coated surfaces and also reduced apoptosis (14) . In the probably suggests that β1-integrin, in the form of heterodimers containing different α integrins that are not in-context of hepatocyte transplantation infusion of collagen into the liver prior to cell infusion enhanced cell volved in cell adhesion to collagen are lost after cryopreservation of fresh cells. The antibody in the kit used engraftment, indicating the integrin-dependent nature of this process (24) . It is interesting that different regres-detects any α heterodimer with β1-integrin, thus, supporting this possibility. sion lines were obtained with fresh and cryopreserved hepatocytes. This at first seems difficult to explain but Although integrin expression on hepatocytes would appear to be important for good attachment and engraft-cocultured with E-cadherin-presenting chaperone cells secreted higher levels of albumin and urea than those ment after hepatocyte transplantation, the situation is more complex. The formation of hepatocyte aggregates cocultured with cadherin-deficient chaperones, demonstrating the importance of E-cadherin-related cell-cell as a result of cell to cell adhesion leads to thrombi in portal venules and loss of cellular function due to hy-contact on cell function (2). The role of E-cadherin in hepatocyte engraftment is not clear and needs further poxia (12) . Blocking of α1β1-integrin reduced aggregate formation and improved the survival of hepato-investigation.
In conclusion, cryopreservation of human hepato-cytes, but also blocked hepatocyte attachment to the liver parenchyma (13), which is likely to limit eventual cytes reduces the expression of cell adhesion molecules that could be involved in CINA. Further studies to in-cell engraftment. Other mechanisms may be involved, and injected hepatocytes may die through apoptosis as a vestigate methods to modulate the effects of cryopreservation on adhesion molecules would be worthwhile. result of lack of anchorage to a matrix and thus ligation of α1and β1-integrin may prevent this. Further investi-ACKNOWLEDGMENTS: We would like to acknowledge the expertise and significant contribution of the late Dr Phillip gation of the specific forms of β1-integrin involved is Murphy to the gene expression studies in this article. His unrequired.
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the gene level together with increased cleavage of the REFERENCES cytoplasmic domain of the cellular protein in cryopreserved hepatocytes. Thus, cryopreservation may also in-
